Water diffusion of two species of coconut shells (CS) nucifera from Cameroon, in the case of drying, was experimentally studied. The experiment was done with the aid of an oven, by the method of gravimetric batch control of the mass of the test samples with the temperatures varied from 70˚ to 180˚ Celsius. The shells of mature coconuts from two species were conserved in the laboratory at a temperature ranging between 20˚ and 23˚ Celsius for two months before being mechanically cleaned. This study allows not only the determination of the water content of the shells, but also the identification of the drying model. It is thus from the ten model tests, and the statistical analysis shows that the Midilli model best predicted this drying phenomenon. The coefficient of effective diffusion was determined at different temperatures which permitted the evaluation of the activation energy per the Arrhenius equation.
Introduction
Coconuts are a harvest largely cultivated in many regions of the planet to the point where coconut tree is considered in certain countries as the tree of life. The worldwide production is estimated at more than 54 million tons. Even though Cameroon is not amongst the top ten worldwide producers, it is not far away that coconut is a part of the daily food habits of these populations. This product is consumed in many forms: coconut milk, coconut flour, coconut juice, and dried coconut almonds. Although the by-products of the coconuts tree are for the most part thrown away into our environment, thus causing pollution, the populations look non-stop for ways to use them. It is thus the fibers of the trunk and the CS that are exploited in the elaboration of composites [1] ; the CS is used in the elaboration of active carbon [2] , in decoration, in kitchen utensils and in art objects. Outside of this, a non-negligible quantity of the CS is thrown away into our immediate environment. In order to optimize the potential that represents these plants for the worldwide population, along with protecting our environment, some works are oriented on the utilization of those shells. CSs are used as charge in the composites [3] and also in concrete [4] . Other works are based on the utilization of the CS as a stabilizing agent of cheap lateritic soil [5] . Recent studies have determined certain mechanical and physiochemical characteristics of the CS [6] . The utilization of CS in composites implies the phenomena of water diffusion which are currently unknown. The study of the model of drying kinetics of coconut almond has already been done for the food need [7] .
In the present work, the attention is brought to the experimental study of the model of the drying kinetics of the CS (nucifera) at different temperatures including the estimate of the water content of CS. All the abbreviations of the quantities used in this text are given in Table 1. 
Materials and Procedure

Materials
The coconuts used in this study come from the southern, littoral, and southwestern regions of Cameroon. Two varieties of coconut are concerned and they are distinguished by the form of their nut: one has an oblong form (species 1) and another has a round form (species 2). CS were separated from nuts and remained at the laboratory in approximate ambient moisture of 60% and at a temperature varying between 20˚ and 23˚C, for two months. They were cut and cleaned to eliminate the fibers and white matter that covered the inside of the shell. The cutting and the cleaning were done manually with the help of a workbench vise, a manual saw, and sandpaper. The test samples intended for the tests have geometry comparable to a portion of sphere as shown in Figure 1 ; they were cut in the southernmost direction of nut. For each of the test samples, we estimated the interior radius, marked R i , and the exterior radius, marked R e by the geometric traces. For each isothermal and for each species, 8 samples were tested for a total of 80 test samples.
Procedure
The undertaken experiments made it possible to determine the water content and the kinetics of drying of these CS using the method by stoving following the prescription of standard NF P 94-050. A drying oven of mark memmert model UN 160 with a precision of 5˚C was used to maintain samples to the following isotherms: 70˚C; 100˚C; 130˚C; 160˚C and 180˚C. A numerical balance of 0.01 g of precision was used to measure the masses. For each trial at each of the temperatures above, the oven was regulated until the desired isotherm was reached before the test samples were introduced. The test samples were weighed to determine their humid mass m 0 before being placed in the oven. The hour at which the samples were introduced into the oven was noted, and after a determined duration in the oven, the test sample is taken out and weighed in a lapse of time in order to minimize the incertitude of measure: the humid mass of the sample was noted after duration of "t" in the oven. The experiment was repeated until the mass of the   m t test sample no longer varied: the equilibrium mass m eq of the sample was recorded.
Theoretic Considerations
Mathematical Model of the Phenomenon of Diffusion
The water content W compared to the dry matter of the test samples is calculated from the humid mass m 0 and the equilibrium mass m eq in the following formula (1). The moisture ratio (MR) which is the dimensionless equivalent of humidity can be calculated following the formula (2).
where   m t represents the humid mass at the instant (t). Table 2 below presents the mathematical models characteristic of the drying kinetics of plant products used to test those of the CS.
The program Matlab (2009) was used to identify the parameters of the different models from a non-linear regression. The effectiveness of a model was evaluated via statistical criteria such as coefficient of determination r 2 , square root of error (SSE), root mean square error 
(RMSE. In fact, a model is better if the higher r 2 is close to 1 and the lowest value of and with RMSE and SSE. Equations (3) and (4) give the expressions of those parameters.
where MR pre,i and MR exp,i are the moisture ratios of the predicted and experimental respectively for the i th observation. N is the number of observations and P is the number of constants.
Estimation of the Effective Diffusivity
Fick's Equation (5) determines the diffusion of mass across the plant products [28] . In recognizing that the coefficient of effective diffusivity depends neither on the concentration, nor the position, it yields:
where D eff is the coefficient of effective diffusisity and M is the levels of humidity. The analytical solution to Equation (5), for a radial diffusion in a hollow sphere ( i e ) was developed by Carslaw and Jaeger in 1959 [28] . The solution of Carslaw and Jaeger (6) applies in cases where the internal surface at r = R i and at the external r = R e are maintained at concentrations C 1 and C 2 respectively so that C 1 = C 2 . This way, the coefficient of effective diffusivity is constant. 
where D eff is the coefficient of effective diffusivity (m 2 /s) and "n" is positive integer. In limiting to the first term of this series, the Equation (7) 
The natural logarithm of Equation (7) gives Equation (8) which permits to determine experimentally the coefficient of effective diffusivity D eff .
The slope of the linear regression of Ln(MR) in function of time (t) permit to calculate D eff in the following Equation (9) .
Computation of the Activation Energy
The activation energy is necessary for the activation of the phenomenon of diffusion studied. It is calculated from the Arrhenius equation [29] which results from the dependence of the coefficient of effective diffusivity to the absolute temperature (10) . The natural logarithm of the Equation (10) gives the Equation (11) which allows the determination of the activation energy E a using the slope of the line Ln(D eff ) in function of (1/Tabs).
In Equation (11), D 0 (m 2 /s) is the pre-exponential factor of the Arrhenius equation; E a is the activation energy (kJ/mol); R is the constant of perfect gas (kJ/molK).
Results and Discussion
Water Content
The humid mass m 0 and the equilibrium mass m eq allowed the calculation of the water content of each of the samples tested using Equation (1). The Table 3 shows the median values and the standard deviations obtained from 20 samples tested per species. 
Analysis of the Drying Kinetics
With an initial moisture content of 15.5 ± 2% (d.b), test samples was dried in the oven to a final moisture content of around 1% d.b. at drying temperature 70˚C; 100˚C; 130˚C; 160˚C; 180˚C. Figure 2 shows the evolution of the moisture ratio (MR) in function of time, for different temperatures and for the two species of CS and the durations of drying are those necessary to reach a water content estimated at 1%. It is noted that the drying kinetics of the two species of CS is not very different. It clearly appears that the drying temperature has an influence on the drying kinetics. The Figure 3 shows the duration of drying as a function of the temperature. It is clear that between 70˚C and 130˚C, the duration of drying decreases rapidly, while between 130˚C and 180˚C this decreasing is slow. The fall of duration of drying which one observes around 100˚C is certainly due to a water departure by vaporization coupled with the destruction of the hydrogen bond between the shell and the molecules of water. Similarly T. Madhiyanon et al. (2009) [7] , by studying the models of fluidized bed drying for thin-layer chopped coconut, they observed that the rate of moisture reduction was greater at a higher temperature, in response to influence of drying temperature on the ability to diffuse moisture.
The evolution of the moisture ratio (MR) obtained experimentally from the two species at different temperatures was tested by 10 mathematical models presented in Table 1 ; in the goal of identify the model that best predicted the drying kinetics. The statistical criteria r 2 ; RMSE and SSE were used to evaluate these models. It is clear that the Midilli, Logarithmic, and Modified Henderson models are more distinguished than the others and for the samples tested and at all the temperatures, with and and very weak values of RSME and SSE inferior. More particular, the Midilli model with and ; RMSE and SSE inferior to 10
, proves to be the best model for the prediction of the drying kinetics of the CS. As per the illustration, Table 4 presents the values of these criteria for specie 2 at 100˚C. Figure 4 shows a good concordance of the experimental results with this model. To have a complete model, an interest in the variation of the parameters of the Midilli model in function of temperature must be taken. Figure 5 presents the given experimental of the Midilli parameters in function of temperature. It is evident that only the parameter "n" is susceptible to the temperature and its evolution seems to be linear as shown in Figure 6 . A complete expression of the modeling of the drying kinetics of the CS, in accounting for the dependence of the parameter "n" to the temperature, can be given by the Equation (12) . 
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Effective Diffusivity
The mathematical model of the drying kinetics (12) has a linear part which is negligible in front of the exponential part. Fick's Law expressed by Equation (8) can therefore be adopted for the estimation of the effective diffusivity. This coefficient is simply obtained from the slope of Equation (9), once the slope of the line Ln (MR) in function of time "t" is known. The values of D eff for the two species of shell are recorded in Table 5 . It clearly seems that the effective diffusivity D eff increases considerably with the temperature. Furthermore, D eff does not differ much from one species to another. Table 6 presents a way of comparing the effective diffusivity of different plants. It is apparent that those of the CS appears among highest but remains close to that of the flax and the bamboo used in the composites.
Activation Energy
The value of the activation energy noted E a was determined by exploiting the Arrhenius equation. Indeed, the curve which connects the experimental points of Ln(D eff ) and the inverse of the absolute temperature 1/Tabs (Figure 7) is almost linear. The slope of the linear regression line of these experimental points permits to deduce E a from Equation (11), which is 31.69 and 34.46 kJ/mol for species 1 and 2 respectively. The intercept at the origin of this line permits to deduce the pre-exponential factor D 0 of the Arrhenius equation which is 4.7025 × 10 −7 and 1.4306 × 10 −7 for species 1 and 2 respectively. Table 7 presents the comparing of the activation energy of some plant products. It is clear from this table that the activation energy of the diffusion of water across the CS is amongst the median values but remain close to some wood like Sapin.
Conclusion
The CS of the two species, having initial water retention of 15.5 ± 2%, sized relative to a portion of a hollow sphere, is dried in an oven at temperatures ranging between 70˚C and 180˚C, in the goal of studying their drying kinetics. It was clear that the drying kinetics of the two species was almost identical. Of the 10 model tests, 4 had well simulated the given experiment with a correlation coefficient r 2 > 0.998. Amongst these 4 models, the Midilli model was the most precise with an r 2 [16] water during drying. It would be significant to study the influence of drying on mechanical properties of CS.
